Background: Insufficient serum vitamin D concentrations (50-75 nmol/L) are prevalent in 40-65% of patients who require total hip arthroplasty (THA). This could impair physical recovery after surgery. This study investigated the association between preoperative vitamin D status and physical performance after THA. Additionally, postoperative changes in vitamin D concentrations were measured. Methods: We included 87 patients scheduled for elective THA and aged ≥65 years. Three groups were recruited: patients classified as vitamin D deficient (< 50 nmol/L, n = 23), insufficient (50-75 nmol/L, n = 32), or sufficient (> 75 nmol/L, n = 32). Serum 25-hydroxyvitamin D 3 (25[OH]D 3 ) concentration and physical performance were measured perioperatively. Linear mixed models were used to examine differences between groups. Results: Change in physical performance over time was not affected by preoperative vitamin D status. In contrast, for physical activity, both vitamin D (p = 0.021) and time (p < 0.001) effect was seen: from 80.2 ± 25.8 to 58.1 ± 17.8 min/day in the deficient group, 143.7 ± 19.8 to 92.9 ± 11.5 min/day in the insufficient group, and 108.1 ± 20.9 to 62.3 ± 12.9 min/day in the sufficient group. The Chair Stand Test, Timed Up and Go test, and 10-Meter Walking Test also improved significantly over time, but independent of vitamin D status. An increase in 25(OH)D 3 concentration 6 weeks postoperatively was correlated with improved hip function (Pearson's r = -0.471, p = 0.018). Overall, serum 25(OH)D 3 declined with 32% one day after surgery (p < 0.001), to nearly return to baseline values 6 weeks later in all groups. Conclusion: Vitamin D status did not appear to affect physical recovery after THA. The drop in vitamin D after surgery deserves further investigation, but could possibly be explained by hemodilution.
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Introduction
Hip prostheses are increasingly applied, due to an ageing population. In 2014, 189 hip replacement surgeries were performed per 100,000 habitants in Europe [1] . The number of surgeries increased with 25% between 2000 and 2009 and this trend will continue in the next decades [2] .
Total hip arthroplasty (THA) is the surgical procedure to replace the hip joint in patients with osteoarthritis or hip fracture. THA has a high success rate and provides pain relief, improvement of physical functioning, and better health-related quality of life [3] [4] [5] . Postoperative recovery of THA is mainly determined by muscle function around the hip [4] .
Vitamin D is positively associated with muscle function, muscle strength, and physical performance [6] [7] [8] . Furthermore, a meta-analysis of 13 RCTs reported a beneficial effect of vitamin D supplementation (800-100 IU/day) on measures of muscle strength and balance in individuals aged 60 years and older [9] . A metaanalysis of 30 RCTs in individuals of all ages showed a significant positive effect of vitamin D supplementation on muscle strength, which was most evident in people with a 25-hydroxyvitamin D 3 (25 [OH]D 3 ) level < 30 nmol/L and in those who were older than 65 years [10] . Vitamin D plays a direct role on muscle quality via activation of the vitamin D receptors, which are involved in muscle protein synthesis and muscle growth [6, 8] . Moreover, vitamin D is indirectly related to muscle function via the calcium-phosphate balance [6, 8] . Calcium is involved in the contraction of muscle, whereas phosphate is required for the structural and metabolic needs of the muscle cell [6, 11] . Hence, preoperative vitamin D status might be an important factor of recovery after surgery.
Serum 25(OH)D 3 is the main circulating vitamin D metabolite and is commonly used to determine the vitamin D status [12] . According to the Clinical Practice Guidelines of the Endocrine Society, vitamin D sufficiency is defined as serum 25(OH)D 3 > 75 nmol/L and deficiency as serum 25(OH)D 3 < 50 nmol/L [13] . Previous studies showed that 40-65% of THA patients had vitamin D insufficiency, of which 8.5-30% were vitamin D deficient [4, 14, 15] . Among Dutch elderly (aged > 70 years), the prevalence of vitamin D insufficiency is 34.8% in men and 24.9% in women, whereas a vitamin D deficiency is present in 44.8% of men and in 60.1% of women [16] . Previous studies showed that a low vitamin D status was correlated with poor postoperative hip scores, an increased length of hospital stay and increased risk of postoperative complications [15, [17] [18] [19] . However, preoperative vitamin D concentration was not associated to in-hospital functional milestones and postoperative functional status [4, 14] . These inconclusive results emphasize the need for further research, which is worthwhile since a deficiency is easy to correct by supplementation.
In contrast to previous studies, the present study will determine both preoperative and postoperative serum 25(OH)D 3 concentrations The aim is to describe changes in vitamin D status after THA in osteoarthritic patients and to investigate the association between preoperative vitamin D status and postoperative physical performance.
Methods
For this research, data from the SpierVit Study was used. This was a prospective cohort study, approved by the Medical Ethics Committee of the Wageningen University, the Netherlands (dossier 11/28, NL40002.081.12). The study started in September 2012 and lasted until July 2013. Patients aged ≥65 years and scheduled for elective THA (not acute surgery) were recruited at hospital Gelderse Vallei, the Netherlands. Exclusion criteria were the presence of dementia or severe heart diseases. Patients were followed from 6 weeks before to 6 weeks after surgery, with 4 measurement points (Fig. 1) .
The primary study outcomes were vitamin D status and physical performance. To define vitamin D status, blood samples were drawn during the first visit at the outpatient clinic and analysed by the laboratory of hospital Gelderse Vallei, using high-performance liquid chromatography. Participants were classified as vitamin D deficient (< 50 nmol/L), insufficient (50-75 nmol/L), or sufficient (> 75 nmol/L) and recruitment was continued until all groups had sufficient numbers to ensure a wide variation in vitamin D status [13] .
Physical performance was determined with measurements of muscle strength, muscle power, physical mobility, gait speed, physical activity, and hip function. Preoperative measurements took place 6 weeks before surgery at the physiotherapy department. Muscle strength was assessed with the handgrip strength test, using the Jamar Hydraulic Hand Dynamometer. Three consecutive measurements of the dominant hand were recorded. The maximum strength effort was used for data analysis. Muscle power of the lower extremities was assessed by the Chair Stand Test (CST), which measures the time to complete 10 sequential stand-ups from a chair, without using the handrails [20] [21] [22] . The Timed Up and Go test (TUG) was used to determine physical mobility [23] , whereas the 10-Meter Walking Test (10MWT) was used as a measure of gait speed [24] . The TUG and 10MWT were performed twice; only the fastest score was used for analysis. Physical activity and household activities over the past 2 weeks were self-reported by patients using the LASA Physical Activity Questionnaire (LAPAQ) [25] . Physical activity was de-DOI: 10.1159/000492938 fined as total activity time per day (min/day). Hip function was determined using a validated Dutch version of the Western Ontario and McMaster Universities Osteoarthritis index (WOMAC) [26] . This is a self-reported questionnaire to assess hip function and level of disability [27] . Lower scores indicate better hip function. Measurements of vitamin D and physical performance were repeated at different time points after surgery ( Fig. 1) .
Demographic characteristics, including age, gender, BMI, and comorbidities were collected from a general questionnaire. Sunlight exposure and vitamin D supplementation were self-reported via a short survey. Postoperative variables were length of hospital stay, need for physical therapy either by a physiotherapist or in a nursing facility, and complications. These were collected from the patient's medical records. Hematocrit levels before and after surgery were used as a marker for hemodilution.
Statistical Analysis
A sample size of 60 patients was required to detect a difference of 4 kg in handgrip strength between the 3 vitamin D groups, with 80% power and a significance level of 0.05, using an SD of 6 kg from an unpublished pilot study in patients undergoing abdominal surgery. We also calculated the required number of participants to detect a correlation of 0.3 between vitamin D and handgrip strength as statistically significant, which was 67 [28, 29] . Therefore, by taking a 10% loss to follow-up into account, the SpierVit Study planned to recruit 25 participants per group.
Baseline characteristics were compared among the 3 vitamin D groups, using ANOVA for parametric variables, Kruskal-Wallis test for non-parametric variables, and Pearson chi-square test for categorical variables.
Because of the multilevel structure of the data, linear mixed models were used to investigate differences between vitamin D groups over time. An unstructured covariance matrix was used to describe changes in serum 25(OH)D 3 concentrations over time, with vitamin D groups, time and their interaction included as fixed effects, and subjects as random effect. In a second model, changes in serum 25(OH)D 3 concentrations were adjusted for vitamin D supplementation and season of blood collection.
To investigate the association between preoperative vitamin D status and physical performance, the included fixed effects were vitamin D groups, time, and their interaction, with the covariates gender, age, BMI, length of hospital stay, and physical therapy. Selection of these confounders was based on baseline demographics and results of previous studies [17, 30] . A subject was included in the linear mixed model analysis when at least one measurement of the outcome was present. When a subject had a missing value in one of the fixed effects, the subject was excluded from analysis. A first-order ante-dependence covariance matrix was used for the outcomes CST, TUG, 10MWT, and WOMAC. For the outcomes handgrip strength test and LAPAQ, the heterogeneous compound symmetry matrix was applied. These covariance matrixes were determined by the likelihood ratio test. Post-hoc analyses were performed using a Bonferroni correction.
The Pearson correlation coefficient (r) was calculated between the change in serum 25(OH)D 3 concentrations and the change in outcomes of physical performance between baseline and 6 weeks after surgery. This was done for the complete study sample and for men and women separately, since gender is a strong predictor of physical performance. To check whether changes in vitamin D were due to hemodilution, the correlation (r) between changes in serum 25(OH)D 3 concentrations and hematocrit values from baseline to 1 day after surgery were also computed.
Results are presented as mean ± SEM, unless otherwise stated. A p value < 0.05 was regarded as statistically significant. Statistical analysis was performed using SPSS version 22 (SPSS Inc., Chicago, IL, USA). 
Results
A total of 87 patients met the inclusion criteria and signed informed consent (Fig. 1 ). At baseline, 23 patients had vitamin D deficiency, 32 patients had vitamin D insufficiency, and 32 patients were vitamin D sufficient (Table 1) , with a mean ± SD serum 25(OH)D 3 concentration of 33.6 ± 10.2, 61.2 ± 6.7, and 99.7 ± 20.8 nmol/L, respectively (p < 0.001). Participants were predominantly female (76%) and had a median age of 74 years (interquartile range 68-79 years). Table 2 shows the baseline outcomes of physical performance.
Ten participants were lost to follow-up: 4 participants of the deficient group and 3 participants each from the insufficient and sufficient group. Reasons for dropping out differed; 1 participant was hospitalised due to respiratory failure and 1 participant refused follow-up measurements because of personal circumstances, the rest was unknown.
Serum 25(OH)D 3 concentrations dropped after surgery but nearly returned to baseline values in all 3 vitamin D groups (p vitD * time < 0.001, Fig. 2 ). In the post-hoc analysis, serum 25(OH)D 3 concentrations were remarkably lower 1 day after surgery compared to base- Table 3 reports the results of the linear mixed model analysis. The interaction term between vitamin D and time was not statistically significant for any of the outcomes, indicating that the change over time was not significantly different between the 3 vitamin D groups. Table 4 presents the correlation between the change in serum 25(OH)D 3 concentration and changes in physical performance.
At baseline, the insufficient vitamin D group had the highest mean ± SD handgrip strength and the deficient group the lowest; 25.7 ± 12.4 kg versus 19.9 ± 8.9 kg (p = 0.291). However, 6 weeks after surgery, the 3 groups had a comparable handgrip strength and no significant differences were observed either between the vitamin D groups (p vitD = 0.322) or between time points (p time = 0.143). In men, the change in handgrip strength was moderately associated with the change in serum 25(OH)D 3 concentration, though not significant (r = 0.392, p = 0.234).
There was neither a vitamin D*time effect for the outcomes CST (p vitD * time = 0.411), TUG (p vitD * time = 0.426) and 10MWT (p vitD * time = 0.485), though all vitamin D groups performed significantly better on these tests 6 weeks after surgery compared to baseline. Post-hoc analyses showed that 6 weeks postoperatively, the patients needed on average 5.4 ± 1.73 seconds less to complete the CST test (p time = 0.007), 1.6 ± 0.47 seconds less for the TUG test (p time = 0.004, Fig. 3) , and 2.6 ± 0.62 seconds less to complete the 10MWT test (p time < 0.001). Since the 3 lines are more or less parallel, the change over time is not dependent on the preoperative vitamin D status. The correlation coefficients between the change in serum 25(OH)D 3 concentration and the change over time for these 3 tests were all low and insignificant (Table 4).
Although the interaction term was not significant for the LAPAQ questionnaire (p vitD * time = 0.896), Figure 4 shows that physical activity was both different between groups and between time points (p vitD = 0.021, p time < 0.001). Overall, the insufficient vitamin D group was most physically active. Compared to baseline, the physical activity 4 weeks after surgery was reduced with 60% to 57.2 ± 9.7 min/day for the insufficient group and with 74% to 28.4 ± 11.6 min/day for the sufficient group. Participants with vitamin D deficiency had a decline of 72% to 22.1 ± 16.2 min/day. Between 4 and 6 weeks after surgery, all groups became significantly more physically active, although levels were still lower compared to baseline.
With regard to hip function, there was a significant inverse association between the change in WOMAC score and the change in serum 25(OH)D 3 concentration (r = -0.471, p = 0.018). This means that an increase in serum 25(OH)D 3 concentration was associated with lower WOMAC scores and thus enhanced hip function 6 weeks after surgery.
Discussion
In this study, vitamin D status before hip surgery was not associated with physical performance after surgery. However, physical performance significantly improved after THA with increase in muscle power, physical mobility, gait speed, and hip function. Furthermore, we observed a remarkable drop in vitamin D in the first 4 days after THA, which was gradually restored to baseline values 6 weeks later. To the best of our knowledge, this was the first study that investigated the association between changes in vitamin D with changes in physical performance. The decrease in serum 25(OH)D 3 concentrations one day after surgery ranged from 25% to 38%. We hypothesized that this could be due to hemodilution. Although blood hematocrit concentrations were decreased in many patients, changes in hematocrit concentrations did not correlate with changes in serum 25(OH)D 3 concentrations. However, during follow-up, hematocrit values restored to baseline values as did the vitamin D concentrations. Therefore, we propose that hemodilution has caused the drop in serum 25(OH)D 3 concentrations one day after surgery. However, several other studies have observed a similar decrease in vitamin D. In a study among 40 American patients who required THA, the serum 25(OH)D 3 concentrations decreased with 21-34% the day after surgery, unrelated to changes in fluid balance [31] . They hypothesized that the intracellular uptake of 25(OH)D 3 is increased after surgery due to a higher demand for tissue regeneration. Other potential mechanisms are an increased volume of distribution, catabolism, and clearance of vitamin D in the blood [31] . A study among 30 British patients suggested that the urinary loss of the vitamin D-binding protein (VDBP) could explain observed reductions in serum 25(OH)D 3 concentrations 48 h after hip or knee replacement surgery [32] . However, the authors also reported that the urinary loss of VDBP was relatively small and therefore unlikely to have significantly contributed to the decrease in serum 25(OH)D 3 concentrations. Unfortunately, we cannot check whether decreases in VDBP were also seen in our study.
Several observational studies have focused on preoperative vitamin D status and outcomes of physical performance after THA. Low vitamin D status was associated with a longer hospital stay in 1,083 German patients after either hip or knee arthroplasty [17] . Two other studies observed a positive association between serum 25(OH)D 3 concentrations and pre-and postoperative hip scores [15, 18] . A study of 219 American THA patients had comparable measures as our study [14] . They assessed physical functioning through questionnaires, including the WOMAC, and via 2 performance-based tests, including the TUG. In line with our results, WOM-AC scores were significantly improved after 6 weeks follow-up (p < 0.001), but irrespective of vitamin D status, which they divided in low (< 75 nmol/L) and normal (>75 nmol/L). The change in the TUG did not differ between the 2 groups, likewise in our study. Lastly, a study among 110 Brazilian patients also found that gait speed recovered after THA but unrelated to serum 25(OH)D 3 concentrations [33] , which corresponded with our results.
A major strength of our study was the use of performance-based tests to determine the physical performance of patients. Other comparable studies mainly used questionnaires and disease-specific scores [15, 18] , but these are more prone to bias by socially desirable responses and misinterpretation.
Furthermore, a sample size calculation was done prior to recruitment. A sample size of 60 patients divided over the 3 groups was required. To account for dropouts, we included 87 participants, and in the end, 10 participants were lost to follow-up. We optimized the use of available data with the linear mixed model analysis to ensure that our study was not underpowered.
We started recruitment based on the classification of The Institute of Medicine, defining serum 25(OH)D 3 < 30 nmol/L as deficient and > 50 nmol/L as sufficient [34] . Though, such low concentrations were not highly prevalent in our population and it would have required a much longer recruitment period than expected. Therefore, we switched to the classification of the Endocrine Society, shortly after recruitment started. Possibly, only the vulnerable patients with low concentrations of serum 25(OH) D 3 (< 30 nmol/L) might benefit from preoperative vitamin D supplementation. Therefore, future studies should focus on this group. A sensitivity analysis was however not possible in our study, due to the low number of patients with a 25(OH)D 3 concentration below 30 nmol/L (n = 7).
Recruitment started in September, when serum 25(OH)D 3 concentrations were still relatively high due to the seasonal influence. The patients recruited from January until March were mostly classified as vitamin D deficient. The season of surgery could affect the willingness of patients to go out and be active and therefore influence recovery. This could have biased the effect of the already low vitamin D status. However, results did not differ after correction for season of blood collection in the statistical analysis.
Furthermore, both a standard and minimally invasive procedure of THA was performed, of which the latter involves less muscle injury [35] . This might have influenced postoperative performance, but the type of surgery did not differ significantly between the 3 groups. In the first weeks after surgery, patients were ambulant but they were still recovering and some required physical therapy. This explains the almost absence of physical activity 4 weeks postoperatively. The physical activity questionnaire clearly showed that recovery started between 4 and 6 weeks, as physical activity improved then. The same holds for the TUG test, which only showed a significant improvement between 4 and 6 weeks after surgery. Therefore, the follow-up time might have been too short to find significant differences between the 3 vitamin D groups.
Due to the observational nature of this study, confounders had to be taken into account. The BMI was significantly lower in the sufficient group and the insufficient group had more men and a lower age. Furthermore, some participants received professional physical therapy after surgery, while others did not. Although we corrected for these variables, we could not completely eliminate the variation between the groups.
We performed this observational study to see if an intervention study with vitamin D supplementation would be prudent. An association between vitamin D and physical performance was not found in our study, but this could be due to the influence of confounders. However, previous observational studies have found adverse associations between a low vitamin D status and physical outcomes after THA [15, 17, 18] , and a randomized clinical trial can elucidate this effect, with potentially large effects for public health. Vitamin D supplementation is already recommended among elderly people and has a low burden, is inexpensive, safe, and effective in raising serum 25(OH)D 3 concentrations in adults [36] . Therefore, a randomized clinical trial can be considered for future research and currently a feasibility study is conducted by another research group [37] .
In conclusion, preoperative vitamin D status was not associated with improved physical performance after THA. Furthermore, serum 25(OH)D 3 concentrations were remarkably decreased in the first 4 days after surgery -possibly due to hemodilution -and might therefore not reflect a patient's common vitamin D status. Therefore, the serum 25(OH)D 3 concentration should be assessed before surgery to determine the level of deficiency and the need of supplementation. A randomized controlled trial with high doses of vitamin D supplementation could give more insight in the role of vitamin D on physical performance and muscle function after THA.
